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METHOD FOR INHIBITING THE PLUGGING OF CONDUITS BY 

GAS HYDRATES 

The present invention relates to a method for 
inhibiting the plugging by gas hydrates of conduits 
containing a mixture of low-boiling hydrocarbons and 
water. 

Low-boiling hydrocarbons,— &uGh—as-itie thane, ethane, 
propane, butane and iso-butane, are normally present in 
conduits which are used for the transport and processing 
of natural gas and crude oil. When varying amounts of 
water are also present in such conduits the water/ 
hydrocarbon mixture is, under conditions of low 
temperature and elevated pressure, capable to form gas 
hydrate crystals. Gas hydrates are clathrates (inclusion 
compounds) in which small hydrocarbon molecules are 
trapped in a lattice consisting of water molecules. As 
the maximum temperature at which gas hydrates can be 
formed strongly depends on the pressure of the system, 
hydrates are markedly different from ice. 

The structure of the gas hydrates depends on the type 
of the gas forming the structure :methane and ethane form 
cubic lattices having a lattice constant of 1.2 nm 
(normally referred to as structure I) whereas propane and 
butane form cubic lattices having a lattice constant of 
1.73 nm (normally referred to as structure II) . It is 
known that even the presence of a small amount of propane 
in a mixture of low-boiling hydrocarbons will result in 
the formation of type II gas hydrates which type is 
therefore normally encountered during the production of 
oil and gas. It is also known that compounds like methyl 
cyclopentane, benzene and toluene are susceptible of 
forming^.hydrat e c.rys.tals ..under _ Appx.Qpr.ia.t.e_condi.tions-, 
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for example in the presence of methane. Such hydrates are 
referred to as having structure H. 

Gas hydrate crystals which grow inside a conduit such 
as a pipeline are known to be able to block or even 
5 damage the conduit. In order to cope with this undesired 

phenomenon, a number of remedies has been proposed in the 
past such as removal of free water, maintaining elevated 
temperatures and/or reduced pressures or the addition of 
chemicals such as melting "point depressants (anti- 

10 freezes) . Melting point depressants, typical examples of 

which are methanol and various glycols, often have to be 
added in substantial amounts, typically in the order of 
several tens of percent by weight of the water present, 
in order to be effective. This is disadvantageous with 

15 respect to costs of the materials, their storage 

facilities and their recovery which is rather expensive. 

Another approach to keep the fluids in the conduits 
flowing is taken by adding crystal growth inhibitors 
and/or compounds which are in principle capable of 

20 preventing agglomeration of hydrate crystals. Compared to 

the amounts of antifreeze required, already small amounts 
of such compounds are normally effective in preventing 
the blockage of a conduit by hydrates. The principles of 
interfering with crystal growth and/or agglomeration are 

25 known. 

Several classes of compounds have been proposed as 
potential crystal growth inhibitors. For instance, cold- 
water fish peptides and glycopeptides appear to be 
effective in interfering with the growth of gas-hydrate 

30 crystals but their production and use for this purpose 

are rathei: uneconomical. The use of-polymSrs having a 
linear backbone such as the (co-) polymers N-vinyl-2- 
pyrrolidone for inhibiting the formation, growth and/or 
irgglcTmerat'ioh 'of gas hydra t es~Tras~l3e en "'de¥crrBe~d inT 

35 International Patent Application Publication W093/25798. 
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The use of compounds normally referred to as "quats" has 
been described in, inter alia, EP-A-736130, EP-A-824631, 
US 5648575 and WO 98/05745. The ""quat" type compounds 
focus around quaternary onium, in particular quaternary 
5 ammonium, compounds containing two or three lower alkyl 

chains, preferably containing C4 and/or C5 alkyl groups 
and one or two longer alkyl chains, preferably containing 
at least eight carbon atoms, which are bound to the 
central nitrogen moiety, thus forming a cationic species 
10 which is matched by a suitable anion such as a halide or 

other inorganic anion. Preferred ^'quats" comprise two 
long chains, comprising between 8 and 50 carbon atoms, 
which may also contain ester groups and/or branched 
structures . 

15 It has now been found that a completely different 

class of compounds can also be used in the combat against 
hydrate blockage of conduits thus substantially widening 
the window of application in this area. 

The present invention therefore relates to a method 

20 for inhibiting the plugging of a conduit containing a 

flowable mixture comprising at least an amount of 
hydrocarbons capable of forming hydrates in the presence 
of water, and an amount of water, which method comprises 
adding to the mixture an amount of a dendrimeric compound 

25 effective to inhibit formation and/or acciimulation of 

hydrates in the mixture at conduit temperatures and 
pressures; and flowing the mixture containing the 
dendrimeric compound and any hydrates through the 
conduit . 

30 Dendrimeric compounds are in essence three- 

dimension al, highly b ra-nx:h-e d oliyumerlc ox polymeric 
molecules comprising a core, a number of branching 
generations-- and an external surface composed of end 
g"tOTap"srr~A""bTarrching "g e nerat"l"on ' is~ composed' ' "oT structural 

35 units which are bound radially to the core or to the 
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structural units of a previous generation and which 
extend outwards. The structural units have at least two 
reactive monofunctional groups and/or at least one 
monofunctional group and one multifunctional group. The 
5 terra multifunctional is understood as having a 

functionality of 2 or higher. To each functionality a new 
structural unit may be linked, a higher branching 
generation being produced as a result. The structural 
dnits can be the same for each successive generation but 

10 they can also be different. The degree of branching of a 

particular generation present in a dendrimeric compound 
is defined as the ratio between the number of branchings 
present and the maximum number of branchings possible in 
a completely branched dendrimer of the same generation. 

15 The term functional end groups of a dendrimeric compound 

refers to those reactive groups which form part of the 
external surface. Branchings may occur with greater or 
lesser regularity and the branchings at the surface may 
belong to different generations depending on the level of 

20 control exercised during synthesis. Dendrimeric compounds 

may have defects in the branching structure, may also be 
branched asymmetrically or have an incomplete degree of 
branching in which case the dendrimeric compound is said 
to contain both functional groups and functional end 

25 groups . 

Dendrimeric compounds as referred to hereinabove have 
been described in, inter alia. International Patent 
Application Publications WO 93/14147 and WO 97/19987 and 
in Dutch Patent Application 9200043. Dendrimeric 

30 compounds have also been referred to as "starbust 

-cxmji3:ga±e s'^^ , f or inst ance in InLernaLlonal Patent 
Application Publication WO 88/01180. Such compounds are 
described as being polymers characterised by regular 
iaenm-iffleric- rtree--lT]ce )" TSranching with raHIal syiiranetry. 
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Functionalised dendrimeric compounds are 
characterised in that one or more of the reactive 
functional groups present in the dendrimeric compounds 
have been allowed to react with active moieties different 
5 from those featuring in the structural units of the 

starting dendrimeric compounds. These moieties can be 
selectively chosen such that, with regard to its ability 
to prevent the growth or agglomeration of hydrate 
crystals, the functionalised dendrimeric compound 

10 outperforms the dendrimeric compound. 

The hydroxyl group is one example of a functional 
group and functional end group of a dendrimeric compound. 
Dendrimeric compounds containing hydroxyl groups can be 
functionalised through well-known chemical reactions such 

15 as esterification, etherif ication, alkylation, 

condensation and the like. Functionalised dendrimeric 
compounds also include compounds which have been modified 
by related but not identical constituents of the 
structural units such as different amines which as such 

20 may also contain hydroxyl groups. 

A preferred class of dendrimeric compounds giving 
rise to growth inhibition of gas hydrate crystals 
comprises the so-called hyperbranched polyesteramides, 
commercially referred to as HYBRANES (the word HYBRANE is 

25 a trademark) . The preparation of such compounds has been 

described in more detail in International Patent 
Application Nos. WO-A-99/16810, WO-A-00/58388 and 
WO-A-00/56804 . Accordingly, the dendrimeric compound is 
preferably a condensation polymer containing ester groups 

30 and at least one amide group in the backbone, having at 

average molecular weight of at least 500 g/mol. This 

class of polymers has a lower degree of branching than 

'the poXy (pTopyTehe imine) dendrTmers described In~ 

35 WO-A-93/14147, but still retains the non-linear shape and 
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the high number of reactive end groups which are 
characteristic of dendrimeric compounds. Compounds 
belonging to this class of dendrimers are suitably 
produced by reacting a cyclic anhydride with an 
5 alkanolamine giving rise to dendrimeric compounds by 

allowing them to undergo a number of (self-) condensation 
reactions leading to a predetermined level of branching. 
It is also possible to use more than one cyclic anhydride 
and/ or more' than one alkanolamine. 

10 The alkanolamine may be a dialkanolamine, a 

trial kanolamine or a mixture thereof. 

Examples of suitable dialkanolamines are 3-amino-l,2- 
propanediol, 2 -amino- 1, 3 -propanediol, diethanolamine 
bis (2-hydroxy-l-butyl)amine, dicyclohexanolamine and 

15 diisopropanolamine. Diisopropanolamine is particularly 

preferred. 

As an example of a suitable trialkanolamine reference 
is made to tris (hydroxymethyl) aminomethane or 
triethanolamine . 

20 Suitable cyclic anhydrides comprise succinic 

anhydride, glutaric anhydride, tetrahydrophthalic 
anhydride, hexahydrophthalic anhydride, phthalic 
anhydride, norbornene-2, 3-dicarboxylic anhydride, 
naphthalenic dicarboxylic anhydride. The cyclic 

25 anhydrides may contain substituents, in particular 

hydrocarbon (alkyl or alkenyl) substituents. The 
substituents suitably comprise from 1 to 15 carbon atoms. . 
Suitable examples include 4-mthylphthalic anhydride, 
4-methyltetrahydro- or 4-methylhexahydrophthalic 

30 anhydride, methyl succinic anhydride, poly (isobutyl) - 

succinic anhyd ride-an d 2 - dod ecerty^r-sut;ciTrirc-anhydr ide . 
Mixtures of anhydrides can also be used. The 
(self-) condensation reaction is suitably carried out 
ritlTOTt-ansatalyst- at -temperatures between" TOO' UnS 

35 200 °C. By carrying out such (self-) condensation 
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reactions compounds will be obtained having amide-type 
nitrogen moieties as branching points and with hydroxyl 
end groups in the base polymer. Depending on the reaction 
conditions, predetermined molecular weight ranges and 
5 number of end groups can be set. For instance, using 

hexahydrophthalic anhydride and diisopropanolamine 
polymers can be produced having a number average 
molecular weight tuned between 500 and 50,000, preferably 
between 670 and 10,000, more preferably between 670 and 
10 5000. The number of hydroxyl groups per molecule in such 

case is suitably in the range between 0 and 13. 

The functional end groups (hydroxyl groups) of the 
polycondensation products can be modified by further 
reactions as disclosed in the above-mentioned 
15 applications WO-A-00/58388 and WO-A-00/56804 . Suitable 

modification can take place by reaction of at least part 
of the hydroxyl end groups with fatty acids, such as 
lauric acid or coco fatty acid. Another type of 
modification can be obtained by partial replacement of 
20 the alkanolamine by other amines, such as secondary 

amines, e.g., N,N-bis- (3-dimethylaminopropyl) amine, 
morpholine or non-substituted or alkyl-substituted 
piperazine, in particular N-methyl piperazine. The use of 
N,N-bis- (dialkylaminoalkyl) amines results in dendrimeric 
25 polymers that have been modified to have tertiary amine 

end groups. In particular the products prepared by the 
polycondensation of 2-dodecenyl succinic anhydride or 
hexahydrophthalic anhydride with diisopropanolamine that 
have been modified by morpholine, tertiary amine or non- 
30 substituted or alkyl-substituted piperazine end groups 
•are— verry— s-ttdrta ble for use in the process of Lhe present 
invention. 

Examples of commercially available HYBRANES are S1200 
■and'~HAT3"00"; 
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HYBRANE S1200 is a dendrimeric compound based on 
structural units composed of succinic anhydride and di- 
isopropanolamine having a number average molecular weight 
of 1200. It has been found that this compound shows 
activity in inhibiting the growth of THF hydrate 
crystals. 

HYBRANE HA1300 is a f unctionalised dendrimeric 
compound based on structural units composed of hexa- 
hydrophthalic anhydriHe and di-isopropanolamine and" 
N,N-bis- (3-dimethylaminopropyl) amine, having a number 
average molecular weight of 1300. The use of these units 
results in a product in which the end groups are 
f unctionalised in the form of a tertiary amine group. 
This compound has shown a remarkable effect in inhibiting 
the growth of THF hydrate crystals. It has also been 
found that this compound can be used advantageously as 
hydrate growth inhibitor in systems containing 
pressurised gas, condensate and water. 

The amount of the dendrimeric and functionalised 
dendrimeric compounds which can be used in the process 
according to the present invention is suitably in the 
range between 0.05 and 10 %wt, preferably between 0.1 and 
5 %wt and most preferably between 0.5 and 3.5 %wt, based 
on the amount of water in the hydrocarbon-containing 
mixture . 

The dendrimeric and functionalised dendrimeric 
compounds can be added to the subject mixture of low- 
boiling hydrocarbons and water as their dry powder, or, 
preferably, in concentrated solution. They can also be 
used in the presence of other hydrate crystal growth 

specifications referred to hereinbefore. 

It is also possible to add other oil-field chemicals 
-such- as corr OS iij-n-anil-stralg- inhibitors to"the lELxture" 
containing the dendrimeric and/or functionalised 
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dendrimeric compounds. Suitable corrosion inhibitors 
comprise primary, secondary or tertiary amines or 
quaternary ammonium salts, preferably amines or salts 
containing at least one hydrophobic group. Examples of 
5 corrosion inhibitors comprise benzalkonlum halides, 

preferably benzyl hexyldimethyl ammonium chloride. 

The invention will now be elucidated by means of the 
following, non-limiting Examples. The experiments have 
been carried out by using equipment as described in 

10 Figure lA of EP-A-736130 comprising a glass vessel placed 

in a thermostatically controlled bath, provided with the 
solution to be tested, a capillary tube protruding 
vertically into the solution in the bath and capable of 
keeping a seed crystal (ice) in contact with the 

15 solution. 

Example I Growth inhibition of large THF hydrate 
crystals 

Experiment 1 (blank) 

A standard solution was prepared containing 78.7 %wt 
20 water, 18.4 %wt tetrahydrofuran (THF) and 2.9 %wt sodium 

chloride. At atmospheric pressure, this solution is known 
to form hydrate (structure II) crystals at a temperature 
of 0 °C. 

During three duplicate experiments, 70 grams of this 
25 solution was transferred into a glass vessel which was 

immersed (up to the liquid level in the vessel) in the 
bath which was kept at a temperature of 0 °C. After 
30 minutes, by which time the temperature of the solution 
had reached also 0 °C, hydrate formation was initiated 
30 through the insertion of an ice crystal seed (about 

for three hours during which hydrate crystals were formed 
and after which the hydrate crystals were weighed. The 
"amount^^ofTiydrate f om'ed 'durrhg 'these three &lanK" 
35 experiments were 8.6, 8.2 and 9.2 grams, respectively. 
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Experiment 2 (use of a dendrimeric growth inhibitor) 

A standard solution was prepared containing 78.3 %wt 
water, 18,3 %wt THF, 2.9 %wt sodium chloride and 0.5 %wt 
of the dendrimeric compound HYBRANE S1200 (commercially 
5 obtainable from DSM, Geleen, the Netherlands) . 

Experiment 1 was repeated. The amount of hydrates formed 
amounted to 5.1 gram. When the amount of the growth 
inhibitor was doubled (in a solution containing 78.0 %wt 
water, 18.1 %wt THF and 2.9 %wt sodium chloride) 

10 3.3 grams of hydrate were formed. 

During duplicate experiments 4.4 grams of hydrates 
were formed from the solution containing 0.5 %wt of 
HYBRANE S1200 and 4.1 grams from the solution containing 
1.0 %wt of HYBRANE S1200. 

15 These experiments indicate that hydrate growth is 

markedly slowed down by using HYBRANE S1200 in the 
solution. 

Experiment 3 (use of a f unctionalised dendrimeric growth 
inhibitor) 

20 A standard solution was prepared containing 78.3 %wt 

water, 18,3 %wt THF, 2.9 %wt sodiirai chloride and 0.5 %wt 
of the functionalised dendrimeric compound HYBRANE HA1300 
(commercially obtainable from DSM, Geleen, 
the Netherlands) . Experiment 1 was repeated. The amount 

25 of hydrates formed amounted to 2.3 grams. When the amount 

of the growth inhibitor was doubled (in a solution 
containing 78.0 %wt water, 18.1 %wt THF and 2.9 %wt 
sodium chloride) less than 0.1 gram of hydrate could be 
found. These experiments clearly indicate that hydrate 

30 growth is effectively slowed down by using HYBRANE HA1300 

in tho s o lution -i- 

Experiment 4 (additional hydrate formation in the 
solutions containing dendrimeric growth inhibitors) 

'Som'e'iri'^Ce'B" "Of ■tKe~Kydrai:es torrried'Tn solul5i~6ns"used 
35 in experiment 1 were immersed in the solutions used in 
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experiments 2 and 3. Subsequently all solutions 
(including the '•'blank" solutions used in experiment 1) 
were heavily agitated by using a spatula. Many small 
hydrate crystals were formed immediately in the "blank" 
5 solutions. Less crystals were formed in the solutions 

containing respectively 0.5 %wt HYBRANE S1200, 1 %wt 
HYBRANE S1200 and 0.5 %wt HYBRANE HA1300 and no 
additional crystals were formed in the solution 
containing 1.0 %wt-HYBRANE HA1300. 

10 After keeping the vessels for one hour at 0 °C most 

of the "'blank" solutions and some of the solutions 
containing either 0.5 %wt of HYBRANE S1200, 1.0 %wt of 
HYBRANE S1200 or 0.5 %wt HYBRANE HA1300 inhibitor had 
been converted into hydrates but only a negligible amount 

15 of additional hydrates had been formed in the solution 

containing 1.0 %wt of HYBRANE HA1300. 

Example II Hydrate inhibition in a mixture containing 
gas, condensate and water at elevated pressure 
Experiment 1 (blank) 

20 An autoclave having a fixed volume of 308 ml was 

filled with 80.8 grams of stabilised condensate obtained 
from the Maui field, 40 grams of water and 12.7 grams of 
propane. Then methane gas was introduced into the 
autoclave such that the equilibrium pressure in the 

25 autoclave was 4.07 MPa at a temperature of 22 °C. 

Thereafter the content in the autoclave was rapidly 
cooled by means of a blade stirrer to 5.8 °C. During 
cooling the pressure in the system lowered from 4 . 07 MPa 
at 22 °C to 3.63 MPa at 5.8 °C. Clear signs of hydrate 

30 formation (a sharp drop of the system pressure 

seen 36 minutes after the cooling cycle was started. 
Hereafter the temperature was raised to 23 °C and the 
aut-ocl-a.ve-was -kept-at-thirs -temperature f or ' one TTour: 
35 Thereafter the autoclave was cooled rapidly to the same 
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temperature as reached in the first cooling cycle. At 
this temperature the pressure in the autoclave amounted 
to 3.62 MPa. Clear signs of hydrate formation were 
observed after 30 minutes. The cycle of raising and 
5 lowering the temperature was repeated once more. Hydrate 

formation was observed after 31 minutes. A final cycle 
indicated crystal formation after 35 minutes. It can be 
calculated that at a pressure of 3.63 MPa hydrates can be 
rormed in the autoclave below a temperature" of 15.3 °C 
10 indicating that the induction time for hydrate formation 

in the "blank" system is approximately 34 minutes at a 
subcooling of 9.5 °C. 

Experiment 2 (use of 1.0 %wt of a dendrimeric compound) 
In this experiment the autoclave was filled with 

15 80.8 grams of stabilised Maui condensate, 39.7 grams of 

water, 13.4 grams of propane and 0.4 grams of 
HYBRANE S1200. Then, methane gas was added such that the 
equilibrium pressure in the autoclave was 4.0-.9 MPa at a 
temperature of 21.6 °C. Thereafter the content of the 

20 autoclave was rapidly cooled using a blade stirrer to a 

temperature of 5.8 °C. During cooling the pressure in the 
autoclave dropped to 3.60 MPa. Clear signs of hydrate 
formation (a sharp drop of the system pressure 
accompanied by a temporary increase in temperature) were 

25 seen 6.2 hours after the cooling cycle was started. It 

can be calculated that at a pressure of 3.60 MPa hydrates 
can be formed at a temperature below 15.2 °C which is 
9.4 °C above the actual temperature of the gas/water/ 
condensate mixture during the experiment, indicating that 

30 at a subcooling of 9.4 °C the induction time for hydrate 

foimartiotir-harsH3«en— 

minutes to 6.2 hours due to the addition of 1.0 %wt of 
HYBRANE S1200 to the mixture. 
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Experiment 3 (use of 1 %wt of a functionalised 
dendrimeric compound) 

In this experiment the autoclave was filled with 
80.8 grams of stabilised Maui condensate, 40 grams water, 
5 13.2 grams propane and 0.41 grams of HYBRANE HA1300. 

Methane gas was added to the autoclave in such a way that 
the equilibrium pressure was 4.07 MPa at a temperature of 
22 °C. Like in experiment 1 the content in the autoclave 
was cooled rapidly with a blade stirrer to 5,8 °C. The 

10 pressure dropped to 3.62 MPa. No signs of hydrate 

formation were observed when the system was kept at this 
temperature for 26 hours. Neither temperature nor 
pressure had changed indicating that no gas had been 
consumed due to hydrate formation. It can be calculated 

15 that hydrates can be formed under these conditions below 

15.4 °C. These results show that in the presence of this 
growth inhibitor the induction time for hydrate formation 
in this system increased from approximately 34 minutes to 
more than 26 hours at a subcooling of 9.6 °C. 

20 The cooling and stirring was stopped during the next 

two days during which the autoclave reached ambient 
temperature. Subsequently the rapid cooling cycle was 
applied to the same temperature and pressure as reached 
before. No signs of gas consumption due to hydrate 

25 formation were observed and the autoclave was kept at 

this temperature for 24 hours. Hereinafter, the content 
of the autoclave was rapidly cooled to 0.5 °C. The 
pressure dropped from 3.62 MPa to 3.47 MPa. No signs of 
gas consumption due to hydrate formation were observed 

30 when the autoclave was kept at this temperature for 

g4-hretH^ s. It ca - n -b c calcu jrated— tha-t-^ydrarte^— ean-be 
formed under these conditions at a temperature of 15.1 °C 
which is 14.6 °C above the actual temperature of the 
gas /wai:rex/ct>nd-ensat:B-miirttnre— dTrrilTg- • 



6/16/2009, EAST Version: 2.3.0.3 



wo 01/77270 



PCT/EPOl/04075 



these conditions the induction time for hydrate formation 
is more than 24 hours at a subcooling of 14.6 °C. 

Whilst keeping the temperature of the content of the 
autoclave at 0.5 °C, more methane was added such that the 
5 equilibrium pressure in the autoclave increased to 

4.07 MPa. No signs of gas consumption due to hydrate 
formation were observed when the system was kept for 
24 hours at a pressure of 4.07 MPa and at a temperature 
of 0.5 "C. It can' be calculated that at a pressure of" 

10 4.07 MPa hydrates can form below a temperature of 16.2 

which is 15.7 °C above the actual temperature of the 
gas /water /condensate mixture during the experiment. Under 
these conditions the induction time for hydrate formation 
is more than 24 hours at a subcooling of 15.7 °C. 

15 Hereafter the stirring was discontinued and the 

gas/water/condensate mixture was kept stagnant at a 
temperature of 0.5 °C. With in 1 hour the pressure rose 
from 4.07 MPa to 4.12 MPa (which may have been caused by 
less efficient cooling of the top part of the autoclave 

20 under stagnant conditions) . This situation remained 

unchanged for 20 hours whereafter stirring was resumed. 
When the stirring started the pressure dropped rapidly to 
4.07 MPa, indicating that no additional hydrates had 
formed during the stagnant period of 20 hours at a 

25 subcooling of 15.7 "C. 

Experiment 4 (use of 0.5 %wt of a functionalised 
dendrimeric compound) 

In this experiment the autoclave was filled with 
80.8 grams of stabilised Maui condensate, 39.8 grams of 

30 water, 13.2 grams of propane and 0.2 grams of 

equilibrium pressure in the autoclave was 4.11 MPa at a 
temperature of 21.8 °C. Thereafter the content of the 
aTitocl-aire- w^-B-^aptdlY-ccToled ■ usTng""a blade" sfifrer to a 
35 temperature of 0.4 "C. During cooling the pressure in the 
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autoclave dropped to 3.51 MPa. No signs of gas 
consumption due to hydrate formation were observed when 
the system was kept 64 hours at a temperature of 0.4 °C. 
It can be calculated that at a pressure of 3.51 MPa 
5 hydrates can be formed at a temperature below 15.2 °C 

which is 14.8 °C above the actual temperature of the 
gas/water/condensate mixture during the experiment, 
indicating that the induction time for hydrate formation 
lrrr~this system is more than 64 hours at a subcooling of 

10 14.8 °C. 

Hereafter, the autoclave was cooled to a temperature 
of 0.0 °C and additional methane gas was introduced such 
that the pressure in the autoclave at this temperature 
was 4.07 MPa. No signs of gas consumption due to hydrate 

15 formation were observed when the system was kept for 

24 hours at a pressure of 4.07 MPa and at a temperature 
of 0.0 °C. It can be calculated that at a pressure of 
4.07 MPa hydrates can be formed at a temperature below 
16.1 °C which is 16.1 °C above the actual temperature of 

20 the gas /water/condensate mixture during the experiment, 

indicating that the induction time for hydrate formation 
in this system is more than 24 hours at a subcooling of 
16.1 °C. 

Hereafter the stirrer was stopped and the gas/water/ 
25 condensate mixture was kept stagnant at a temperature of 

0.0 °C. Within 1 hour the pressure rose from 4.07 to 
4.12 MPa (similar to what was experienced in 
experiment 2) . The pressure remained steady for the next 
23,25 hours whereafter stirring was resumed. The pressure 
30 decreased rapidly to 4.03 MPa indicating that at most 

stagnant period. However, when the mixture was stirred 
for the next 4 hours at a temperature of 0.0 °C the 
-prre-s-suxe- -remain-ed - steady -a±-%rQ3-MP-s—ilTdi:cEtlng~m 
35 additional hydrates were formed during this period This 
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result indicates that when 0.5 %wt of this growth 
inhibitor is present in the water phase at most a tiny 
(but possibly no) amount of hydrates had formed in the 
gas/water/condensate mixture during a stagnant period of 
5 24 hours at a subcooling of 16.1 °C. 

Experiment 5 (use of 0.25 %wt of a functionalised 
dendrimeric compound) 

In this experiment the autoclave was filled with 
80.9 grams of stabilised rdaiil condensate, 40.0 grams of 

10 water, 13.2 grams of propane and 0.1 grams of 

HYBRANE HA1300. Then methane gas was added such that the 
equilibrium pressure in the autoclave amounted to 
4.10 MPa at a temperature of 22 °C. Thereafter the 
content of the autoclave was rapidly cooled using a blade 

15 stirrer to a temperature of 0.1 °C. During cooling the 

pressure in the autoclave dropped to 3.50 MPa whilst the 
temperature remained at 0.1 °C. No signs of gas 
consumption due to hydrate formation were observed when 
the system was kept for 23.5 hours at this temperature. 

20 It can be calculated that at a pressure of 3.50 MPa 

hydrates can be formed at a temperature below 15.1 °C 
which is 15.0 °C above the actual temperature of the 
gas /water /condensate mixture during the experiment, 
indicating that the induction time for hydrate formation 

25 in this system is more than 23.5 hours at a subcooling of 

15.0 "C. 

Hereafter additional methane was introduced into the 
autoclave and the temperature of the content of the 
autoclave was slightly lowered such that the pressure in 
30 the autoclave was 4.07 MPa at 0.0 °C. No signs of gas 

the system was kept for 24 hours at a pressure of 
4.07 MPa and at temperature of 0.0 °C. It can be 
-cal-cul-atred-that -air-a--pxe-sT5uxe— o^--^^^ :1 hydra-t-^-^-ean-be 
35 formed at a temperature below 16.1 °C which is 16.1 °C 
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above the actual temperature of the gas/water/condensate 
mixture during the experiment, indicating that the 
induction time for hydrate formation in this system is 
more than 24 hours at a subcooling of 16.1 °C. 
5 Example III Hydrate inhibition in a mixture containing 

gas, condensate and water at elevated pressure under 
conditions of turbulent flow 
Experiment 1 (blank) 

This experiment was carried out by using a rD¥~m long 

10 model pipeline having an internal diameter of 19 mm 

(3/4"). This model pipeline is divided in 9 consecutive 
sections (hereafter referred to as 'Spins''), each having a 
total length of 12 m and consisting of two 180° circular 
bends and two straight pipe sections. These straight 

15 sections are jacketed by a concentric pipe through which 

a cooling and/or heating liquid can be circulated in a 
direction opposite to the flow direction of the hydrate 
forming medium in the pipe. The numbering of the pins is 
defined such that the hydrate forming medium enters the 

20 pipe at the inlet of pin 1 and exits the pipe at the 

outlet of pin 9. Nine differential pressure meters are 
installed to simultaneously measure the pressure drop 
over each pin and a tenth differential pressure meter is 
used to measure the total pressure drop between the inlet 

25 of pin 1 and the outlet of pin 9. Thermocouples are 

installed at the outlet of every pin and also at the 
inlet of pin 1, to monitor the temperature of the hydrate 
forming medium in the pipe. 

A small separator is installed between the inlet and 

30 the outlet of the loop. Both the pressure and the 

monitored. A gear pump is used to pump a liquid mixture 
of water and gas-saturated condensate or crude oil from 
the— s-epaxa-toxT— vi-a—a- Cori-oli-3-ineter (whl-ch~'is' Trs^"d""tU~ 
35 measure the density and flow velocity of the liquids) to 
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the inlet of pin 1. Liquids exiting the loop through 
pin 9 are returned to the separator vessel. Viewing 
windows are installed immediately downstream of the 
outlets of pin 6 and 8 to allow (if the hydrate forming 
medium is sufficiently transparent) visual observation of 
hydrate formation in the loop. The total volume of the 
loop facility is approximately 62 litres. 

In this experiment the loop facility was filled with 
consecutively 4 litres of de-mineralised water, 
39.2 litres (29.8 kilograms) of stabilised condensate and 
3.22 kilograms of propane. Subsequently methane gas was 
added such that the equilibrium pressure in the loop 
facility was approximately 7.0 MPa at a temperature of 
23 °C. It can be calculated that stable hydrates can form 
in this system at temperatures lower than 16 °C. 

After the gas/condensate/water mixture had been 
circulated and homogenised at a constant flow velocity of 
approximately 0.5 m/s and at a temperature of 23 °C the 
experiment was started by starting a cooling cycle during 
which the temperature of the hydrate forming medium was 
controlled such that the medium entered the loop at a 
constant flow velocity of 0.5 m/s and at a constant 
temperature of 23 °C but was exponentially cooled mainly 
in pins 1-3 to attain in pins 4-8 a minimum temperature 
Tmin which was (starting from an initial temperature of 
23 "O gradually lowered by 1 °C per hour. The medium was 
reheated in pin 9 to a temperature of 23 °C before being 
returned to the inlet of the loop. 

Because of the formation of immobile hydrate 
deposits, the pressure drop between the inlet and the 



had reached a value of 15 °C. This increase lasted for 
approximately 15 minutes after which period the loop was 
consxdBX-ed- tro "bB -bl-o'cke'd "byHydrates — rtKe~Toop'"'is' 




3t-a-rt-ec 
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considered to be blocked if the pressure drop over the 
loop exceeds 2000 Pa/m) . 

Experiment 2 (use of 0.50 %wt of a functionalised 
dendrimeric compound) 
5 In this experiment one litre of water, in which 

25 grams of HYBRANE HA1300 were dissolved, had been added 
to the gas/condensate/water mixture which was used in 
experiment 1. The mixture was homogenised through 
circulation at a constant flow velocity of 0.5 m/s and at 

10 a constant temperature of 23 "C. Hereafter the 

temperature of the circulating hydrate forming medium at 
any location in the test facility was rapidly (within 
one hour) cooled to a constant temperature of 8.5 "C. No 
heating was applied in pin 9 during this experiment. 

15 Hereafter the circulation was maintained at a constant 

temperature of 8.5 °C during 23 hours. During this period 
the pressure drop between the inlet and the outlet of the 
loop increased slightly from 160 Pa/m to approximately 
200 Pa/m. Subsequently the circulation was stopped and 

20 the mediiam was left stagnant in the loop at a constant 

temperature of 8.5 °C during the next 19.2 hours. 
Hereafter the circulation was resvimed during 1.5 hours 
whilst the temperature of the mediiim was kept constant at 
8.5 °C. During this period the pressure drop over the 

25 loop remained constant and virtually equal to the 

pressure drop over the loop which was measured just 
before the stagnant period, indicating that no additional 
hydrates had formed during the stagnant period. This 
experiment indicates that, by using 0.5 %wt (based on the 

30 amount of water present) of HYBRANE HA1300 no, or at most 

^ve^y— sma-1-1— amou-n-tST — of immob 44e~4i^?43cafee-s--tod--b€^-n---fo-aa€4^ 
in the hydrate forming medium during 23 hours of 
turbulent flow and a consecutive 19 hour period under 
-stagn-an-t-condl-tion-s— atr-?-r5— die"grees~o"f- subcooUng 'whweas 

35 in experiment 1 the loop became already blocked by 
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hydrates after one hour of circulation at 1 °C of 
subcooling. 

Example IV Hydrate inhibition by f unctionalised HYBRANES 
during ""rolling bair^ experiments 
5 The ability of several functionalised HYBRANES to 

prevent hydrate formation was tested by using a '^rolling 
ball apparatus" . The rolling ball apparatus contains four 
cylindrical and transparent high pressure cells. Each 
cell alSTTTJO-ntains a stainless steel ball wnich can 

10 freely roll forth and back over the entire length of the 

cell when the cell is tilted. Each cell is also equipped 
with a manometer to allow a reading of the gas pressure 
in the cell and some auxiliary tubing to facilitate 
cleaning and filling of the cell. The total volume of the 

15 cell (including auxiliary tubing) is approximately 53 ml. 

After being filled at ambient temperature with water and 
pressurised gas and/or a HYBRANE and/or condensate or 
oil, the four cells are mounted horizontally in a rack. 
Subsequently the rack and cells are placed (in horizontal 

20 position) in a mixture of ice and water which is 

contained in a thermally insulated container such that 
the temperature of- the cells can be kept equal to 0 °C 
during at least a few days. The entire assembly (cells 
plus rack plus insulated container) is mounted on an 

25 electrically powered seesaw which, when activated, causes 

the stainless steel balls to roll forth and back over the 
entire length of the cells once every eight seconds. 

Stagnant pipeline shut-in conditions are simulated by 
leaving the cells stationary (in horizontal position) 

30 during a pre-determined period. Flowing pipeline 

e end itions— a-re— si-a: ulat e d by --s^^feGhl-ng-OR-fehe--&ee-&aw--s43reb 
that the balls continuously agitate the liquid contents 
of the cells. 

■The-abiii-ty -of -some- -f unctionalls-ed-HYBRANE-S-tro- 

35 prevent hydrate formation (kinetic inhibition effect) 
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under flowing conditions was tested during the following 
rolling ball experiments. 

Experiment 1 (blank experiment conducted at 9°C of 
subcooling) 

5 At ambient temperature (approximately 20 °C) two 

cells were filled with respectively 3 ml of de- 
mineralised water and 9 ml of a mixture containing equal 
parts (by voliame) of Maui condensate and toluene. 
Hereafter the cells were pressurised with a synthetic 
10 natural gas having the following composition: methane 

8 6.2 mol%, ethane 2.8 mol%, propane 5.8 mol%, n-butane 
0.8 mol%, iso-butane 0.6 mol%, nitrogen 1.7 mol% and 
carbon dioxide 2.1 mol%. The water/condensate/toluene/gas 
mixture was carefully equilibrated such that at ambient 

15 temperature the pressure in the cells was 3.0 MPa. 

Hereafter the cells were mounted on the rack and 
subsequently immersed in the ice/water mixture. The 
seesaw was activated such that the stainless steel balls 
rolled back and forth over the entire length of the cells 

20 once every eight seconds. Soon after the cells were 

immersed in the water/ice mixture the pressure in the 
cells dropped to 2.7 MPa because of the cooling of the 
mixture to 0 °C. At a pressure of 2.7 MPa, stable 
hydrates can form in the cell at temperatures below 9 °C 

25 which means that the experiment was conducted at 

9 degrees of subcooling. It was observed that in both 
cells a solid layer of hydrates, which also prevented the 
balls from moving, had formed within one hour after 
activation of the seesaw. 

30 Experiment 2 (HYBRANES preventing hydrate formation at 

9 ° C of s ubcoo l -i-ng) 

The ability of several f unctionalised HYBRANES to 
prevent hydrate formation at 9 °C of subcooling was 
-t-est-ed in dupH-cat-e— by f i-li-i-ng-two— ae-H-s-witrh th"e- sante 
35 water/condensate/toluene/gas mixture as was used in 
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experiment 1 described above, except for the addition of 
0.03 grams of a functionalised HYBRANE to the contents of 
both cells. Similar to experiment 1, the cells were 
immersed in an ice/water bath after which the seesaw was 
< immediately activated. 

It was observed that no hydrates formed within 
20 hours after immersion of two cells in the ice bath and 
activation of the seesaw if the two cells contained 
0.03 grams of~either of "the following functionaliseoT 
> HYBRANES : 

HA1550, HA1690 and HA5890: the structural units in 
which are hexahydrophthalic anhydride, di-isopropanol 
amine and N,N-bis- {3-dimethylaminopropyl) amine, having a 
number-average molecular weight (Mn) of 1500, 1600 and 
5800, respectively; 

HAm 1290 and HAm 2490: the structural units of which 
are hexahydrophthalic anhydride, di-isopropanol amine and 
morpholine having a Mn of 1200 and 2400, receptively; 

HAm 67.5V1625: the structural units in which are 
hexahydrophthalic anhydride, di-isopropanol amine, 
morpholine and coco fatty acid having a Mn of 1600; 

H/D Am 90 1300: the structural units in which are 
hexahydrophthalic anhydride, di-isopropanol amine, 
morpholine and 2-dodecenyl succinic anhydride, having a 
Mn of 1300; 

HAp 1390: the structural units in which are 
hexahydrophthalic anhydride, di-isopropanol amine and 
N-methyl piperazine with a Mn of 1300. 
Experiment 3 (blank experiment conducted at 11 °C of 
subcooling) 

cells were filled with respectively 3 ml of de- 
mineralised water and 9 ml of a mixture containing equal 
pa-r-trs— (-by vol-tumet Maui-condensate- -Hnd -to-lueffeT 
Hereafter the cells were pressurised with the synthetic 
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gas which was also used in experiments 1 and 2 such that 
at ambient temperature the water/condensate/toluene/gas 
mixture was in equilibrium with the gas at a pressure of 
4.0 MPa. Hereafter the cells were mounted on the rack and 
5 subsequently immersed in the ice/water mixture. The 

seesaw was activated such that the stainless steel balls 
rolled back and forth over the entire length of the cells 
once every eight seconds. Soon after the cells were 
±mraersHd-in- the water/ice mixture the pressure in the 

10 cells dropped to 3.6 MPa because of the cooling of the 

mixture to 0 °C. At a pressure of 3.6 MPa, stable 
hydrates can form in the cell at temperatures below 11 °C 
which means that the experiment was conducted at 
11 degrees of subcooling. It was observed that in both 

15 cells a solid layer of hydrates, which also prevented the 

balls from moving, had formed within one hour after 
activation of the seesaw. 

Experiment 4 (HYBRANES preventing hydrate formation at 
11 °C of subcooling) 

20 The ability of several functionalised HYBRANES to 

prevent hydrate formation at 11 degrees of subcooling was 
tested in duplicate by filling two cells with the same 
water/condensate/toluene/gas mixture as was used in 
experiment 3 described above, except for the addition of 

25 approximately 0.03 grams of a functionalised HYBRANE to 

the contents of both cells. Similar to experiment 3, the 
cells were immersed in an ice/water bath after which the 
seesaw was immediately activated. 

It was observed that no hydrates formed within 

30 20 hours after immersion of two cells in the ice bath and 

0.03 grams of either of the following functionalised 
HYBRANES: 
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HAm 1290: the structural units of which are 
hexahydrophthalic anhydride, di-isopropanol amine and 
morpholine with a Mn of 1200; 

HAp 1390: the structural units in which are 
5 hexahydrophthalic anhydride, di-isopropanol amine and 

N-methyl piperazine with a Mn of 1300. 
Example V Prevention of the agglomeration of hydrate 
crystals in "rolling ball" experiments 
Experiment 1 (blank experiment conducted at 11.5 °C of 

10 subcooling) 

At ambient temperature (approximately 20 °C) two 
cells were filled with respectively 3 ml of an aqueous 
solution of sodium chloride (containing 3 w% of NaCl) and 
9 ml of Maui condensate. Hereafter the cells were 

15 pressurised with a synthetic gas having the following 

composition: methane 86.2 mol%, ethane 2.8 mol%, propane 
5.8 mol%, n-butane 0.8 mol%, iso-butane 0.6 mol%, 
nitrogen 1.7 mol% and carbon dioxide 2.1 mol%. 
The water/condensate/toluene/gas mixture was 

20 carefully equilibrated such that at ambient temperature 

the pressure in the cells was 5.0 MPa. Hereafter the 
cells were mounted on the rack and subsequently immersed 
in the ice/water mixture. The seesaw was activated such 
that, during the next four hours, the stainless steel 

25 balls rolled back and forth over the entire length of the 

cells once every eight seconds. After 4 hours of rocking 
the cell pressures (approximately 4.2 MPa) were recorded 
and the contents of the cells were visually inspected. It 
appeared that in both cells a solid agglomerate of 

30 hydrates which adhered to the glass, the metal parts of 

by hydrates and could not be loosened even after violent 
shaking of the cells. 



6/16/2009, EAST Version: 2.3.0.3 



wo 01/77270 PCT/EPOl/04075 
25 

Experiment 2 (HYBRANES preventing the agglomeration of 
hydrate crystals at 11.5 °C of subcooling) 

The ability of several functionalised HYBRANES to 
prevent hydrate agglomeration at 11.5 degrees of 
5 subcooling was tested in duplicate by filling two cells 

with the same brine/condensate/toluene/gas mixture as was 
used in experiment 1 described above, except for the 
addition of 0.03 grams of a functionalised HYBRANE to the 
contents of"~&0"th cells. As in experiment 1, the cells 

10 were immersed in an ice/water bath after which the seesaw 

was immediately activated. After 4 hours of rocking the 
cell pressures were recorded and the contents of the 
cells were visually inspected. It appeared that a 
homogeneous and non-viscous dispersion of fine hydrate 

15 crystals, which did not restrict the motion of the ball 

or adhered to glass and metal parts of the cells had 
formed after 4 hours of rocking if the cells contained 
0.03 grams of either of the following functionalised 
HYBRANES : 

20 D1400, D2000 and D2800: the structural units in which 

are 2-dodecenyl succinic anhydride and di-isopropanol 
amine with Mn of 1400, 2000 and 2800, respectively; 

DV2110: the structural units in which are 2-dodecenyl 
succinic anhydride, di-isopropanol amine and coco fatty 
25 acid with a Mn of 2100; 

DDC200010: the structural units in which are 
2-dodecenyl succinic anhydride and di-isopropanol amine 
with a Mn of 2000; 

D/H 10 2000: the structural units in which are 
30 2-dodecenyl succinic anhydride, hexahydrophthalic 
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CLAIMS 

1. A method for inhibiting the plugging of a conduit, 
the conduit containing a flowable mixture comprising at 
least an amount of hydrocarbons capable of forming 
hydrates in the presence of water, and an amount of 

5 water, which method comprises adding to the mixture an 

amount o f a dendrimeric compound effect_ijje__tp_ inhibit the 
formation and/or accumulation of hydrates in the mixture 
at conduit temperatures and pressures; and flowing the 
mixture containing the dendrimeric compound and any 
10 hydrates through the conduit. 

2. The method according to claim 1, in which a 
functionalised dendrimeric compound is used as hydrate 
formation inhibitor. 

3. The method according to claim 1 or 2, in which a 
15 hyperbranched polyester amide is used as hydrate 

formation inhibitor. 

4. The method according to claim 3, in which the 
hyperbranched polyester amide is used which is based on 
(self-) condensation reactions between a cyclic anhydride 

20 and a di- or trialkanolamine . 

5. The method according to claim 4, in which a hyper- 
branched polyester amide is used having a number average 
molecular weight between 500 and 50,000. 

6. The method according to claim 4 or 5, the cyclic 
25 anhydride is selected from the group consisting of 

succinic anhydride, glutaric anhydride, tetrahydro- 
phthalic anhydride, hexahydrophthalic anhydride, phthalic 
anhydride, norbornene-2, 3-dicarboxylic anhydride, 
naphthalenic dicarboxylic anhydride, optionally 
30 substituted by one or more alkyl or alkenyl substituents . 
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7. The method according to any one of claims 4 to 6, in 
which the alkanolamine is diisopropanolamine . 

8. The method according to any one of claims 4 to 7, in 
which the polyester amide has been functionalised by 
morpholine, tertiary amine or non-substituted or alkyl- 
substituted piperazine end groups . 

9. The method according to one or more of the preceding 
claims, in which betw een 0 . 05 an d 10 %wt of dendrimeric 
compound, based on the amount of water in the hydro- 
carbon-containing mixture is added to the mixture. 

10. The method according to one or more of the preceding 
claims, in which a non-dendrimeric corrosion or hydrate 
inhibitor and/or other oil-field chemicals such as 
corrosion and scale inhibitors are added to the mixture 
of hydrocarbons and water. 
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